The Si-C-O glass-like compound (a-SiCO) was applied to a negative electrode of a lithium hybrid capacitor (LHC) with activated carbon positive electrodes. The performance as a negative electrode (by a three-electrode system) and LHC (by a two-electrode system) was evaluated in LiClO 4 (EC-DEC) and LiBF 4 (PC) electrolytes. With a-SiCO reversible insertion/extraction of lithium ions at high current densities (0.5-2.0 A g -1 ) was possible. By prior short-circuiting of the negative electrode with lithium metal in the electrolytes for appropriate periods, the charge/discharge performance of the assembled LHC compared favorably with an electric double layer capacitor (EDLC) made of the activated carbon used for LHC. The cycle performance of the LHC was better but the capacitance was smaller in the LiBF 4 (PC) electrolyte than in LiClO 4 (EC-DEC) electrolyte.
Industrial development toward the practical use of hybrid electric vehicles (HV's) and electric vehicles (EV's) calls for electric energy storage devices of high performance, with high energy density, high charging rate, and long life. Rechargeable batteries, such as lithium ion (LIB) and nickel hydride batteries (NHB) are in practical use for HV, but problems with the power density, charging rate, life, costs and so on, remain unsolved, and this exerts a substantial influence on the development of EV. It is well known that electric double layer capacitors (EDLC) have the advantages of high charging rates and good durability, superior to presently available over rechargeable batteries, but has drawbacks in energy density and costs. In particular, activated carbons of high specific surface areas for EDLC are reaching their limits in improvements in volumetric energy density. Of carbon-based materials, those containing hetero-atoms, mainly nitrogen, are considered to be promising due to the large pseudo-capacitance in aqueous electrolytes, but most of them do not give full play to their ability in organic electrolytes [1] . Accordingly, it is rather difficult to expected large energy density for the devices with such materials.
The lithium hybrid capacitor (LHC) is a hybrid device composed of a lithium-doped carbon negative electrode and an activated carbon positive electrode, making it a device which is half LIB and half EDLC [2, 3] . Recently, instead of lithium-doped carbon electrodes, conductive polymers [4] [5] [6] [7] and transition metal oxides [8] [9] [10] [11] [12] have been reported for negative electrodes. With LHC it would be possible to aim at much larger energy densities than EDLC without diminishing the advantages of capacitors over batteries, but the density is not comparable to LIBs which use high capacity negative electrodes, such as crystalline Si, amorphous Si, and others. The negative electrode of a LHC requires a high charging rate as well as high capacity, but the low coulomb efficiency of the first cycle would not be a serious drawback because lithium ion doping is introduced in the assembly process.
We have formed Si-C-O glass-like compound films on exfoliated graphite [13, 14] , and later synthesized a Si-C-O glass-like compound (abbreviated to a-SiCO) with urethane foam templates [15] as a promising potential electrode material for the negative electrode of LIB: a-SiCO showed very large and steady insertion/extraction capacities of lithium ions without potential hysteresis from the second cycle. As briefly described in the previous paper [15] , signals of metallic silicon were not distinguished in the XRD pattern and
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Si MAS-NMR spectra of the compound. In addition, cyclic voltammograms in 1 mol dm -3 LiPF 6 showed a very broad peak at 0.2-1 V vs. Li/Li + on the extraction side, but no sharp peaks. Apparently, it is unlikely that the insertion/extraction of lithium ions into a-SiCO is based on the alloying/de-alloying with silicon metal, but it has not been possible to elucidate the insertion/extraction mechanism, so far. Additional advantages of a-SiCO are that raw materials are inexpensive and not hazardous, and that a synthetic process is simple. A weak point of a-SiCO is the low coulomb efficiencies of the first cycle, 60-70%, this is due to the very large insertion capacities which depend on formation temperature of the compound and electrolytes. This irreversible capacity was found to be eliminated by short-circuiting with lithium metal in electrolytes containing lithium ions, that is, by doping lithium ions into the compound [14] . This procedure is very similar to the final step of negative electrode preparation for LHC.
In this study, a a-SiCO which showed good performance as a negative electrode material for LIB's [13] [14] [15] was assembled into an LHC with activated carbon counter electrodes and the performance was evaluated in two electrolytes by three-and two-electrode systems.
Experimental
The a-SiCO was synthesized by heat-treatment of the precursor at 1300˚C for 1 h in argon. Details of precursor preparation are described elsewhere [13] [14] [15] [16] , but briefly, it was obtained by impregnating two types of liquid silicone, (CH 3 ) 3 SiO{CH 3 (H)SiO} m Si(CH 3 ) 3 (m≈20, Shin-Etsu Chemical Co. Ltd., KF-99B) and {CH 3 (CH=CH 2 )SiO} n (n=3-7, Shin-Etsu Chemical Co. Ltd., VC-4), with trace amounts of curing catalyst into urethane foam chips having average pore diameter of about 420 m, followed by heating at 200˚C in air, and crushing. It must be noted that urethane foam was used to ensure a homogeneous heat treatment of the cured silicone, and the urethane mostly disappeared by pyrolysis in the inert atmospheres.
The chemical composition of the product was determined in conformity to Japanese industrial standard (JIS R 6124 and Z 2613) by courtesy of Shin-Etsu Chemical Co. Ltd. The specific surface area was measured by nitrogen adsorption at 77 K, and scanning electron microscopy (SEM) was carried out at 5 kV.
The as formed compound was ground with an agate mortar and pestle, and mixed with acetylene black and poly(vinylidene fluoride), 10 mass% each, then fabricated into a working (or negative) electrode by pressing onto a copper foil. A counter (or positive) electrode was made of commercial activated carbon for EDLC (Kuraray Co. Ltd., YP-17) added with acetylene black and poly(tetrafluoroethylene), 10 mass% each, by pressing onto a nickel mesh. A glass cell was used, and working and counter electrodes were set as close as possible using a membrane separator (Asahikasei Chemicals Corp., SV718).
Capacity and cycle performance of the electrode were measured by a three-electrode system with a lithium metal foil, which was used both as a reference electrode and an auxiliary electrode for lithium ion pre-doping, and with a counter (or positive) electrode of activated carbon. Evaluation of the performance as LHC was carried out galvanostatically by a two-electrode system, in which potential changes of both electrodes were monitored using a lithium metal foil as a reference electrode. In a two electrode system, capacitance is based on the total mass of active materials in both electrodes.
The electrolyte was 1 mol dm 
Results and discussion

Measured properties of the materials used
Chemical composition of the a-SiCO formed at 1300˚C was Si 55, C 28 (free C<2), O 17, N<1, H<0.5, all in mass%. These values are the same as those reported elsewhere [15] , except for the free C 
Performance by a three-electrode system
To use a-SiCO as negative electrode of LHC, high rate capability is required. Therefore, the insertion/extraction capacity of a-SiCO was measured up to 2.0 A g (EC:DEC=50:50 vol%) using a lithium metal counter electrode without short-circuiting (no pre-doping of lithium ions). Figure 1 shows capacity-potential curves and cycle performance of a-SiCO formed at 1300˚C at 2.0 A g -1 . As reported previously [13] [14] [15] , the capacity-potential curves of this compound are similar to those of hard carbons, except for the 1st cycle ( Fig. 1 (a) ). The irreversible capacity of the 1st cycle is very large but the coulomb efficiency becomes nearly 100% within 10 cycles (Fig. 1 (b) ). The reversible capacities are 310 mA h g . Thus, the capacity decreased with increasing current density but the results suggest that this compound is potentially useful for LHC applications. Figure 2 shows the performance of a-SiCO using an activated carbon counter electrode after short-circuiting for t sh = 4 min followed by 2 h on open-circuit under the same conditions as in Fig. 1 .
Here, based on the capacitance of YP-17 measured above and the data in Fig. 1 , sufficiently large amounts (more than five times in mass) of YP-17 were used for the counter electrode. The first insertion curve starts around 0.7 V vs. Li/Li + , which is consequent on lithium ion doping (Fig. 2 (a) ).
When a lithium metal counter electrode was used in separate measurements, this starting potential was lower than 0.5 V vs. Li/Li + . The only possible explanation is a difference in the counter electrode.
There is a possibility that the active carbon counter electrode contacting to the working electrode through a membrane separator may reduce the activity of lithium ion in the thin gap by adsorption, because the counter electrode was covering the working electrode completely. When the short-circuiting time is sufficiently long, diffusion of lithium ions from the bulk electrolyte may compensate this phenomena, but in the case of Fig. 2 , it was 4 min. The result suggests that t sh should be longer as in the previous experiments [14] , and the irreversible capacity of the 1st cycle disappears by short-circuiting. In Fig. 2(b) , the capacitance in F g at the 100th cycle. The improved cycle performance may be due to lithium ion doping which homogenizes the electrode surface somewhat. In the case of LHC, which is an asymmetric capacitor, the cell capacitance, C cell , in F g -1 is given by
Performance by a two-electrode system
where W is the mass of active material in g, W cell =W + +W -, and the suffixes, + and -, indicate positive and negative electrodes, respectively. According to Eq. (1), the theoretical cell capacitances as a function of the mass ratio, W + /(W + +W -), were calculated using the half cell capacitances of YP-17 and a-SiCO. As shown in Fig. 3 , the maximum cell capacitance is achieved in the range W + /(W + +W -)=0.72-0.77, whereas it appears at W + /(W + +W -)=0.5 for the symmetric EDLC using YP-17. Based on this calculation, the positive to negative electrode mass ratio for LHC was set as 3 to 1 in the following.
The cell performance of an assembled LHC using a-SiCO in different electrolytes is shown in Figs. 4-6. The t sh was 60 min, except for the additional data in Fig. 6 (t Figs. 1(a) and 2(a), also) . The linearity of the discharging curve became better with increasing number of cycles. IR drops observed at both electrodes stem largely from contact resistance between the active materials and the substrates, but they are larger in Instead it is mainly ascribed to a lower electric conductivity and higher viscosity of LiBF 4 (PC) electrolyte than LiClO 4 (EC-DEC) electrolyte [17] [18] [19] . For the same reason, the cell capacitance in ). The initial decrease in cell capacitance is due to the negative electrode (Fig. 2(b) ). In LiBF 4 (PC) electrolyte, however, after the initial decrease cell capacitance gradually increases to a steady value of about 33-34 F g -1 . This kind of change was not marked at lower current densities but actually the cell capacitance increased with increasing number of cycles. It is possible that this change is caused by the LiBF 4 (PC) electrolyte, but supporting data are necessary to give a definite explanation.
The cell capacitances at the 50th discharge are shown as a function of current density in Fig. 6 as the efficiency at this cycle is nearly 100%. The rate capability in LiClO 4 (EC-DEC) electrolyte is good, independent of t sh , and the cell capacitances for t sh =60 min are much larger than that of EDLC using YP-17. Figure 7 shows that when t sh is shorter, the potential of the negative electrode during the discharge rises quickly and the end potential becomes higher after relatively small number of cycles, leading to a quick drop in cell voltage in the latter half of discharging (50th cycle in Fig. 7 ). This is a consequence of insufficient pre-doping with lithium ions, and shows in the decrease in cell capacitance (t sh =30 min in Fig. 6) . A similar indication is observed for t sh =60 min in Fig. 4 , but it is essential to ensure an appropriate t sh for higher capacitance and long life. When t sh was much longer, 5 or 10 h, the electrode potential at the end of the discharge became lower than 1 V vs. Li/Li . This large energy density results from increases in the cell capacitance (Fig. 6 ), but is partly owing to the 3.5 V cell voltage, which is realized by the low potential of the negative electrode. The energy density of EDLC using YP-17 may be increased by raising the cell voltage, but due to the rise in the potential of the positive electrode the increment will be limited to tens of percent. In this respect pre-doping with lithium ion would be advantageous. At any rate, the life must be evaluated by extended cycle tests.
Conclusions
In this study, a-SiCO, which showed good performance as a negative electrode material for lithium ion batteries (LIB) was applied to a negative electrode of a lithium hybrid capacitor (LHC) with activated carbon (YP-17) positive electrodes. The performance as a negative electrode (by a three-electrode system) and LHC (by a two-electrode system) was evaluated in 1 mol dm -3 LiClO 4 (EC:DEC=50:50 vol%) and 1 mol dm -3 LiBF 4 (PC 100%). The following conclusions may be made:
(1) The a-SiCO was capable of reversible insertion/extraction of lithium ions at high current densities with activated carbon counter electrodes.
(2) It was confirmed that the pre-doping of lithium ions into the negative electrode, by short-circuiting, with lithium metal in the electrolytes eliminates the irreversible capacity of the 1st cycle. The pre-doping level can be estimated by monitoring the electrode potential.
(3) The charge/discharge performance of the assembled LHC compared favorably with EDLC. It is, however, essential to allow an appropriate short-circuiting time to achieve higher capacitance and a longer life. (5) The energy density of the assembled LHC reached about three times that of EDLC using YP-17, though the power density was comparable to that of EDLC.
(6) The a-SiCO might be one of the potential electrode materials for LHC. At any rate, the life must 11 be evaluated by extended cycle tests. LiClO 4 (EC: DEC=50:50 vol%) in a three electrode system using a lithium metal counter electrode (without short-circuiting). Fig. 2 The performance a-SiCO using an activated carbon counter electrode after short-circuiting for t sh = 4 min followed by 2 h open-circuiting under the same condition with Fig. 1 . 
